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subsequent PT step is too fast (
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Abstract 14 
Geminate recombination of 24 radical anions (M•−) with solvated protons (RH2+) was 15 
studied in tetrahydrofuran (THF) with pulse radiolysis. The recombination has two steps: (1) 16 
Diffusion of M•− and RH2+ together to form intimate (contact and solvent separated) ion 17 
pairs, driven by Coulomb attraction; (2) Annihilation of anions due to proton transfer (PT) 18 
from RH2+ to M•−. The non-exponential time-dependence of the geminate diffusion was 19 
determined. For all molecules protonated on O or N atoms the subsequent PT step is too fast 20 
(<0.2 ns) to measure, except for the anion of TCNE which did not undergo proton transfer. 21 
PT to C atoms was as slow as 70 ns and was always slow enough to be observable. A 22 
possible effect of charge delocalization on the PT rates could not be clearly separated from 23 
other factors. For 21 of the 24 molecules studied here, a free ion yield (71.6±6.2 nmol/J) 24 
comprising ~29% of the total, was formed. This yield of “Type I” free ions is independent of 25 
the PT rate because it arises entirely by escape from the initial distribution of ion pair 26 
distances without forming intimate ion pairs. Three anions of oligo(9,9-dihexyl)fluorenes, 27 
2 
Fn•− (n=2-4) were able to escape from intimate ion-pairs to form additional yields “Type II” 1 
of free ions with escape rate constants near 3x106 s-1. These experiments find no evidence for 2 
an inverted region for proton transfer.  3 
Introduction 4 
Ion recombination within amorphous materials such as organic solvents and polymer 5 
films, is an old but not fully understood problem. In 1938, Onsager1 applied the 6 
Debye-Smoluchowski (DS) equation to the case in which positive and negative ions 7 
annihilate upon contact so that ion annihilation is diffusion-limited based on his early work.2 8 
He discussed ion recombination under influence of the Coulomb potential, predicted the 9 
probability of an ion escape from its geminate counter ion as a function of initial separation 10 
distance (ri), and defined a critical radius (rc), for which V(rc)=kBT, where V(r) is the 11 
attractive Coulomb potential. This critical radius is often called the Onsager radius. Onsager1 12 
showed that an ion thermalized at rc from its geminate counter ion has a 37% probability of 13 
escape to become a free ion and a 63% probability of recombine. Those that recombine may 14 
be called geminate ion pairs. The fraction of the ion pairs that become free ions can be 15 
expressed as the ratio of radiation chemical yields, Gfi/Gmax, where Gfi is the yield of the free 16 
ions, and Gmax is the maximum yield of the ions. These yields, called G-values, are the 17 
number of the ions formed per unit energy absorbed by the sample (mol/J or traditionally 18 
molecules/100 eV). We will refer to the fraction of ion pairs that are free of each other (free 19 
ions) as the fraction free (FF) due to escape by diffusion from their initial separation 20 
distances, as envisaged in Onsager’s theory,1 as Type I free ions (FF1=G1/Gmax).  21 
Extensions3-9 of Onsager’s work to solve the DS equation for the case in which the rate 22 
of annihilation upon contact was finite, predict that an additional contribution to the FF could 23 
arise from ion-pairs that escape after coming together to form intimate pairs. We refer to the 24 
contact and solvent separated ion pairs as “intimate” to distinguish them from pairs of M•− 25 
and RH2+ at distances of 1-7 nm which are inside the Onsager radius, hence likely to diffuse 26 
together. We will refer the additional contribution of free ions formed from intimate pairs as 27 
the fraction of Type II free ions (FF2=G2/Gmax, where G2 is the G value of the Type II free 28 
ions). 29 
Several groups10-23 studied the geminate ion recombination in nonpolar and moderately 30 
polar solvents such as THF21-22 and CCl4;23 they found Type I free ions only. In polar 31 
3 
solvents like acetonitrile,24-25 octanenitrile,24 water,26 and 1,2-dichloroethane,27 geminate ions 1 
can escape from the recombination and become the Type II free ions. Masuhara,27 Zhou,25, 28 2 
and Zhong29 found that solvent separated ion pairs (SSIPs) had crucial impact on FF2 in polar 3 
solvents such as 1,2-dichoroethane.  4 
The present work uses pulse radiolysis to study ion recombination in THF, for which rc is 5 
7.3 nm at 298 K. Unlike photoexcitation, which initially creates excited states, pulse 6 
radiolysis ionizes the medium to initially create ions, providing for rapid injection of charge 7 
into solute molecules, M. Reactions following pulse radiolysis in THF=RH solution are:30 8 
RH → RH•+ + es−     (Ionization)      (1), 9 
RH•+ + RH → RH2+ + R•   (Formation of Solvated Proton)  (2), 10 
es− + M → M•−     (Electron Attachment)    (3), 11 
M•− + RH2+ → MH• + RH   (Proton Transfer)     (4a), 12 
M•− + RH2+ → M + RH+ H•  (Electron Transfer)     (4b). 13 
Ionization of THF produces solvated electrons (es−) and THF radical cations (RH•+). RH•+ 14 
reacts with other THF molecules to create the solvated protons (RH2+).31 Reactions 1 and 2 15 
occur in less than 1 ps.22 Because the solute anions (M•−) are strong bases and the solvated 16 
proton, RH2+, is a strong acid the recombination of M•− with RH2+, reaction 4, might be 17 
expected to be fast and therefore diffusion-limited, but this has not been investigated in detail. 18 
In THF, annihilation of anions is usually due to proton transfer (PT) reaction (reaction 4a). 19 
This is supported by Das’ finding32 that in THF solution the product from pulse radiolysis is 20 
the protonated radical (MH•), which is also called a monohydro radical. Electron transfer to 21 
RH2+ (reaction 4b) is another possibility for causing the annihilation of anions. This reaction 22 
would give rate constants correlated with reduction potential alone, because for reaction 4b it 23 
is the only quantity that changes from one molecule to another. These reactions offer an 24 
opportunity to investigate proton transfer (PT) from RH2+ to M•−. Through the use of some 25 
large molecules having delocalized anions we can also explore the effect of delocalization, 26 
which can reduce PT rates,33-36 and examine the factors34 that control PT rates. 27 
Experiments described below will use transient absorption of anions to observe the 28 
kinetics of the ion recombination. Figure 1 illustrates that pulse radiolysis creates ion pairs 29 
with an initial separation distance distribution ρ(r0) and depicts schematically the relation 30 
between ρ(ri) and the kinetic trace of ion recombination. This initial distribution is highly 31 
4 
dependent on the solvent properties. Whether they begin at ri > rc or escape from shorter 1 
distance, we will refer to the fraction of free ions, which escape to become free, or 2 
homogenous ions, as the FF comprised of FF1 and FF2. 3 
 4 
Figure 1. A schematic relation between the initial separation distance distribution ρ(r0) 5 
(green area) and the kinetic trace. Here r0 is the initial separation distance. rc is the Onsager 6 
radius, and V(r) is Coulomb potential. FF = Gfi/Gmax, is the fraction of free (homogenous) 7 
ions and FG is the fraction of geminate ions, (Gmax−Gfi)/Gmax; Gfi is the G value of free ions 8 
and Gmax is the maximum G value of ions. The kinetic trace is schematic. 9 
The results below demonstrate that within experimental uncertainty, the free ion yield in 10 
THF is entirely Type I in most cases. This yield is independent of the nature of the solute; 11 
any Type II free ion yield is too small to measure. In a few exceptional cases, substantial 12 
Type II free ion yields were observed. For small anions such as those formed from 13 
9,9-dihexylfluorene (F1), benzophenone (BPhO) and dibenzofuran (DBF), the geminate 14 
recombination of cation is extremely fast. Within the limits of the present observations, their 15 
recombination rates are limited only by diffusion, so that all observed small anions are Type I 16 
free ions. Larger oligofluorene radical anions, Fn•− (n=2-4), for which the recombination 17 
reactions are not diffusion-limited, form long-lived ion pairs with RH2+ despite the large 18 
thermodynamic driving force of the PT reactions, and the presence of long-lived radical ion 19 
pairs also increases the Type II free ion yield. The experimental results reported below, along 20 
with computed chemistry, will be used to examine these reactions and provide information 21 
5 
regarding their energetics and charge densities, and place them in context with several other 1 
similar ion-recombination reactions. 2 
Experimental 3 
Observations of ion recombination were carried out using the Laser Electron Accelerator 4 
Facility with an electron pulse of <50 ps duration at Brookhaven National Laboratory; 5 
methods of measurement are described elsewhere.37 Briefly, the 9 MeV electrons created 6 
ionization in samples in high purity silica cells with optical path lengths of 20 or 5 mm 7 
containing the molecules under study in purified THF under Argon. The monitoring light 8 
source was a pulsed Xenon arc lamp. The probing wavelength was selected by 10 nm 9 
bandpass optical interference filters. Transient absorption signals were detected by a silicon 10 
photodiode (EG&G FND-100, 2 ns response time) and digitized by LeCroy 8620A or 640Zi 11 
oscilloscope.  12 
Most chemicals were purchased from Aldrich or Alfa-Aesar. 2,3-dicyano-p-benzoquinone 13 
(CNBQ) was purchased from BioTechnology Corporation of America. The preparation of 14 
oligo(9,9-dihexyl)fluorenes, Fn(n=1-4), Figure 2, has been described.38 4-nitro-p-terphenyl 15 
(NTP), p-dinitrobenzene (DNB), and tetracyanoethene (TCNE) were sublimed under 16 
vacuum; other chemicals were used as received. The concentrations of small molecules are 17 
50 mM if not specified; the concentrations of Fn(n=1-4) are 50, 40, 30, and 20 mM. 18 
 19 
Figure 2. Chemical Structure of oligo(9,9-dihexyl)fluorenes, Fn(n=1-4). 20 
Results 21 
The transient absorption spectra in Figure 3a-d show the decays of Fn•−  (n=2-4) 22 
corresponding to the formations of FnH• (n=2-4). Figure 3e similarly shows that geminate 23 
decay of benzophenone (BzPh) radical anion forms BPhOH• at 550 nm. In Figure 3a-d he 24 
6 
small absorption bands of near 560, 640, and 700 nm are the triplet-triplet absorptions.39 The 1 
extinction coefficients (ε) of Fn•− (n=1-4)40 are given in Table 1. The details of estimating 2 
extinction coefficients are described in section S1 of the electronic supporting information 3 
(SI). While the absorbances at 530, 570, and 580 nm for Fn•− (n=2-4) decreases, the 4 
absorbances at 440, 460, and 460 nm grow and isosbestic points are also observed. These 5 
observations support the conclusion that the PT reaction (Reaction 4a) produces FnH• (n=2-4) 6 
as the Fn•− (n=2-4) decay. Assuming that each anion decaying produces one protonated 7 
molecule, the ε and oscillator strengths of FnH• (n=2-4) are estimated and given in Table 2. 8 
Experimental results for 1-methylpyrene (MePy) (see Figure S2 of the SI) use an acid to 9 
protonate all MePy anions to measure the extinction coefficient of MePyH• and use it to 10 
determine that in geminate recombination, 0.86±0.12 MePyH• is produced for each MePy 11 
anion that decays. For the oligofluorenes the absorption bands and oscillator strengths 12 
computed by time-dependent B3LYP/6-31G(d) with the PCM solvation model in THF given 13 
in Table 2 support the assignments that absorption bands at 440, 460, and 460 nm are due to 14 
FnH• (n=2-4). Figure S3 shows that similar transient spectra of F2H• are created when HCl 15 
protonates F2•−, also supporting the above assignment for F2H•. 16 
7 
 1 
Figure 3. Transient spectra from pulse radiolysis of (a)-(d) Fn(n=1-4) at 50, 20, 10, and 5 2 
mM and benzophenone (BPhO) at 50 mM in THF. The Fn spectra are collected at times, t=10 3 
(black), 50 (red), 100 (green), 500 ns (blue), and 1 μs (purple), those for BPhO are from 1 ns 4 
to 1 μs (1,2,5 sequence).   5 
8 
Table 1. The Extinction Coefficients (ε) of the Radical Anions (M•−) and the Electron 1 
Attachment Rate Constants (katt), and Diffusion Coefficients (D) in THF. 2 
Name Refε of M•− (M−1cm−1) Refkatt (M−1s−1) RefD (cm2/s) 
F1 a8.18×103 at 650 nm 385.88×1010 d9.85×10−6 
F2 a4.81×104 at 530 nm 386.62×1010 d6.50×10−6 
F3 a4.82×104 at 570 nm 386.15×1010 d5.10×10−6 
F4 a4.97×104 at 580 nm 381.09×1011 d4.29×10−6 
benzophenone a9.00×103 at 800 nm b6.40×1010 411.65×10−5 
dibenzofuran 423.50×104 at 687 nm b6.90×1010 - 
1-methylpyrene c2.43×104 at 490 nm b7.68×1010 - 
fluoranthene 431.70×104 at 450 nm b5.60×1010 - 
aThe method of determining ε is given in section S1 . The uncertainty is ±6%.  3 
bkatt is obtained by observing decay of solvated electrons in THF solution.  4 
cDetails of determining the extinction coefficient are available in Figure S4.  5 
dThe diffusion coefficients of the oligofluorenes were estimated with an empirical equation44 6 
D=1.13×10−5 (0.75n/0.6)−0.6 cm2/s, where n is the number of the repeat units. (see Figure 5 7 
and Table 1 in Reference 44) 8 
Table 2. The Extinction Coefficients (ε) and Measured Oscillator Strengths (fm) compared to 9 
Computed Oscillator Strengths (fc) of FnH• (n=1-4). 10 
Name ε (M−1cm−1)/ fma bfc 
F1H•  c0.60 at 313 nm 
F2H• 1.5×104/ 0.43a at 440 nm  d0.71 at 431 nm 
F3H• 1.7×104/ 0.59a at 460 nm e0.51 at 472 nm 
F4H• 1.4×104/ 0.59a at 460 nm f0.53 at 443 nm 
aThe fm are obtained from the 1 μs spectra in Figure 3 with the corrections for absorptions 11 
from Fn•−(n=2-4) in the range of 420-470 nm for F2H•, 440-480 nm for F3H•, and 440-500 12 
nm for F4H•. 13 
bComputed by B3LYP/6-31G(d) of the time-dependent density functional theory with the 14 
polarizable continuum model for THF. 15 
 c 0.0090 (465 nm), and 0.079 (322 nm) 16 
 d 0.0545 (522 nm), and 0.033 (467 nm) 17 
 e 0.1043 (550 nm), and 0.30 (412 nm) 18 
 f 0.1263 (557 nm), and 0.29 (489 nm) 19 
9 
Figure 4 and 5 show that there are large variations of the rate decays of anions; the inset 1 
to Figure 4 shows that the decay of BPhO•− is the fastest among these anions. From the 2 
normalized traces (absorbance vs. time) it is apparent that the initial fast decay rates in the 3 
first 200 ns show large differences, but most decay to the same level: FF=(Gfi/Gmax)= 4 
0.29±0.02, obtained by using a kinetic scheme described below. Details of these estimates are 5 
in Section S5 of the SI. In 50 mM BPhO solution Gfi and Gmax values are 71.6(±6.2) and 6 
251.2(±22.7) nmol/J. This method may overestimate FF if the solutes do not intercept all 7 
electrons in competition with geminate decay, so that Gmax is larger. With the electron 8 
attachment rate constants (katt) of BPhO, DBF, MePy, fluoranthene (FA) and Fn (n=1-4) 9 
reported in Table 1, the concentrated solutes can capture most es− in less 2 ns. From Table 10 
S6.1, for Fn (n=2-4) and BPhO the differences between different concentrations in the 11 
number of electrons intercepted are less than 10%; details of the estimations are in section S6 12 
SI. 13 
 14 
Figure 4. Normalized kinetic traces of benzophenone (BPhO) at 800 nm, fluoranthene (FA) 15 
at 450 nm, 1-methylpyrene (MePy) at 490 nm, dibenzofuran (DBF) at 680 nm, p-terphenyl 16 
(pTP) at 920 nm, o-terphenyl (oTP) at 620 nm, and Fn(n=1-4) at 650, 530, 570, and 580 nm. 17 
Small contributions of triplet absorbance to the kinetic traces of FA and Fn (n=2-4) have been 18 
determined and subtracted (see text). The insert shows expanded kinetic traces of BPhO•−, 19 
DBF•− and F1•−, where geminate decay of BPhO•− is the fastest. A full size copy and the 20 
normalization factors are in Figure S7. 21 
For FA and Fn(n=2-4), the anion absorptions are overlapped by triplet absorptions. 22 
While the yield of excited states, including triplets, is low in THF, pulse radiolysis may 23 
directly generate a small yield of triplet states of solute molecules if the pulse ionizes or 24 
excites the solute instead of the solvent. The triplet states of FA and Fn (n=2-4) contributed 25 
10 
3.8%, 3.1%, 3%, and 3.3% to the initial absorbances at the observation wavelengths of FA•− 1 
and Fn•− (n=2-4) at t=2 ns; details of determining the fractions of 3FA* and 3Fn*(n=2-4) are in 2 
Figures S8-S11 ). These triplet-triplet absorbances were subtracted from the kinetic traces of 3 
FA•− and Fn•− (n=2-4) so that Figure 4 shows only the absorbance due to radical anions. 4 
Normalized kinetic traces without the corrections are shown in Figure S7. 5 
Figure 5 compares kinetic traces for BPhO, 2,3-dichloro-5,6-dicyano-p-benzoquinone 6 
(DDQ), and 4-cyano-4’-n-pentyl-p-terphenyl (CNTP). The inset shows that regardless of the 7 
chemical structures and reduction potentials E0(M0/−), both quickly (<100 ns) and slowly 8 
(>100 ns) decaying fractions are almost identical. Transient spectra of DDQ•− shown in 9 
Figure S12 show that the absorption band of DDQ•− shifts with time. Slight differences 10 
between the slow decays of DDQ•− and BPhO•− may be due to reactions with impurities. 11 
These data suggest that the FF of BPhO, DDQ, and CNTP are almost identical; the geminate 12 
decays of DDQ and CNTP are diffusion-limited. In 50 mM of THF solutions, fits to a 13 
four-exponential function find that 38±2% of anions decay with a time constant τ1 =3.0±0.2 14 
ns (3.16×108 s−1), 23±2% decay with τ2 = 21±2 ns (4.78×107 s−1), 10±2% decay with τ3 = 15 
107±7 ns (9.26×106 s−1) while 29±2%, which decay more slowly, are free ions. A 16 
four-exponential function provides three exponentials to describe the geminate decay and a 17 
single exponential to describe the homogenous decay; the discussions regarding this 18 
approximation are in Kinetics of the Geminate Recombination and PT Reaction. 19 
 20 
Figure 5. In THF, normalized kinetic traces of benzophenone (BPhO) at 800 nm, 21 
2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ) at 600 nm, and 22 
4-cyano-4’-n-pentyl-p-terphenyl (CNTP) at 900 nm. The solute concentrations are 50 mM 23 
and the normalization factors are 14.7 for BPhO, 17.5 for DDQ, and 6.89 for CNTP. The 24 
11 
inset shows almost identical geminate decays for t < 100 ns after the electron pulse. For these 1 
three anions, the FF is 0.29±0.02 (see text). 2 
Kinetic traces of 30 mM of BPhO, F3, FA, or MePy mixed with 1 mM of NTP in Figure 3 
6 give an additional measure of the yields of free ions for the four compounds, finding more 4 
free ions of F3 than for BPhO, FA, and MePy. These data were collected at the 720 nm 5 
absorption band of NTP•−. The purpose of using NTP is to capture and report the 6 
concentration the free ions. An ideal free-ion capturer such as NTP has a more positive redox 7 
potential than E0(M0/−) and has fast geminate decay such as that seen in kinetic traces of 8 
NTP•− in Figure S13. Most electrons are initially captured by the concentrated solutes, which 9 
then transfer their electrons to NTP in ~200 ns shown in Figure S14. Any geminate anions 10 
transferring their electrons to NTP disappear rapidly, leaving only free-ions. In Figure 6 the 11 
kinetic traces of FA and F3 grow with rate constants of 1.38×1010 and 1.03×1010 M−1s−1, 12 
which are nearly diffusion-controlled. For BPhO, MePy, and F3, there is substantial initial 13 
absorbance because the anions of these high concentration solutes absorb light at 720 nm. No 14 
observable growth is seen for BPhO or MePy indicating that ε of BPhO•− and MePy•− at 720 15 
nm are close to that of NTP•−. After electron transfer is complete (t > 200 ns), only NTP•− 16 
remains. These remaining anions are clearly free ions, which decay slowly, with perhaps a 17 
very small yield of long-lived geminate ions. Almost identical absorbances of remaining 18 
NTP•− indicate that the free ion yields of BPhO•−, FA•− and MePy•− are nearly identical, but 19 
the free ion yield of F3•− is ~50% larger. These findings corroborate those in Figure 4, which 20 
pointed to a larger long-lived fraction of F3•−, but do not require determinations of extinction 21 
coefficients. This supports the conclusion that a substantial number of F3•− escape from 22 
(F3•−,RH2+) ion pairs to become free ions. 23 
12 
 1 
Figure 6. Kinetic traces of 4-nitro-p-terphenyl (NTP 1 mM) at 720 nm in THF solutions with 2 
high concentrations of F3 (30 mM), benzophenone (BPhO), fluoranthene (FA) and 3 
1-methylpyrene (MePy).  4 
Proton Transfer Rate Constants 5 
When geminate pairs of anions and solvated protons diffuse together to form Coulomb-bound 6 
ion pairs, the proton transfer (reaction 4a) that occurs in those pairs is usually not 7 
instantaneous. It is clear in Figure 4 and 5 that instead the rates of decay due to proton 8 
transfer vary over a wide range. To disentangle the rate constants of the PT from the rates of 9 
forming the Coulomb-bound ion pairs, the data in Figures 4 and 5 were fit to a model based 10 
on Scheme 1 (below), which considers reaction 4a in more detail. Table 3 reports the results. 11 
Scheme 1 includes equilibria between contact and solvent-separated ion pairs (CIP and 12 
SSIP), but considers PT to occur only in contact pairs, so the rate constants are reported as 13 
kPT’ =kPT/(1+Keq−1) to include the effect this equilibrium. Here Keq=[CIP]/[SSIP] is the 14 
equilibrium constant between the CIP and SSIP. While this equilibrium is plausible, the 15 
present data do not prove or deny its existence. To include the possibility that no such 16 
equilibrium exists, kPT’ could be reinterpreted as simple proton transfer rate constants. For 17 
many of the molecules studied here the data show only that kPT’ is much faster than the two 18 
fast components of diffusion together of the geminate ions, leading to kPT’ > 5×109 s−1, while 19 
for other cases kPT’ is as slow as 1.07×107 s−1; details of determining these rate constants are 20 
in Kinetics of the Geminate Recombination and PT Reaction. In Figure S15, a plot of the kPT’ 21 
vs. E0(M0/−) shows some correlation for most the molecules protonated on carbon atoms (C 22 
protonated). For molecules with very negative E0(M0/−) such as F1, fluorobenzene (C8), and 23 
4,4’-dimethoxybiphenyl (C10), the possibility of the electron transfer reaction (reaction 4b) is 24 
13 
largest. Based on our estimations for the standard free energy changes (ΔG0) of the PT 1 
reaction (reaction 4a) and electron transfer reaction (reaction 4b), we tentatively interpret 2 
annihilation of these anions in terms of PT reactions. Below we will further examine this PT 3 
reaction assumption. 4 
Table 3. Measured Proton Transfer Rate Constants kPT’ = kPT/(1+Keq−1),  in the M•−/RH2+ , 5 
Coulomb-bound complexes with the calculated standard free energy changes (∆G0), which is 6 
based on the reduction potential, and reorganization energies (λ) for the proton transfer 7 
reactions (reaction 4a), and the number of atoms (NA) over which charge is distributed in the 8 
anions and the protonated atom (PA). 9 
Symbol Name (PA)b ckPT’×107 s−1 d∆G0 (eV) dλ (eV) ΔG0/λ eNA 
F1 F1 (C) 20.8(±0.33) −1.58 2.3 −0.67 11.1 
F2 F2 (C) 1.88(±0.08) −1.25 2.6 −0.48 21.5 
F3 F3 (C) 1.24(±0.20) −1.07 2.6 −0.41 32.0 
F4 F4 (C) 1.03(±0.06) −1.03 2.6 −0.39 42.4 
C1 dibenzofuran (C) 9.45(±0.15) −1.5 2.5 −0.62 6.0 
C2 fluoranthene (C) 1.78(±0.04) −1.19 2.3 −0.53 6.9 
C3 phenanthrene (C) 8.66(±0.38) −1.57 2.3 −0.69 7.5 
C4 1-methylpyrene (C) 1.52(±0.08) −1.3 2.3 −0.58 9.7 
C5 biphenyl (C) 14.9(±0.7) −1.44 2.3 −0.63 9.6 
C6 p-terphenyl (C) 2.53(±0.06) −1.22 2.4 −0.50 11.2 
C7 terthiophene (C) 2.49(±0.48) −0.91 3.0 −0.30 7.6 
C8 fluorobenzene (C) 16.3(±3.3) −1.980 2.7 −0.74 3.9 
C9 o-terphenyl (C) 5.08(±0.01) −1.32 2.7 −0.49 11.6 
C10 4,4’-dimethoxybiphenyl 17.9(±0.7) −1.97 2.3 −0.85 4.1 
CN 
4-cyano-4’-n-pentyl- 
p-terphenyl (N)f 
≥ 500 
−0.76 to C f 2.4 to C f −0.31 to C f 
2.2 
−0.206 to N f 0.53 to N f −0.39 to N +f 
O1 p-dinitrobenzene (O) ≥ 500 −0.27 0.53 −0.52 5.3 
O2 benzophenone (O) ≥ 500 −1.2 0.22 −5.4 1.9 
O3 2-ethyl-9,10-anthraquinone (O) ≥ 500 −0.45 0.33 −1.7 3.3 
O4 tetrachloro-p-benzoquinone (O) ≥ 200h −0.31 0.27 −1.16 8.7 
O5 acetophenone (O) ≥ 500 −1.01 0.24 −4.2 2.0 
O6 aDDQ (O) ≥ 500 −0.061 0.28 −0.22 5.4 
14 
O7 4-nitro-p-terphenyl (O) ≥ 500 −0.72 0.24 −3.0 3.7 
O8 2,3-dicynao-p-benzoquinone (O) ≥ 500 −0.39 0.27 −1.3 5.2 
N tetracynaoethene (N) gN.R.  0.81 0.39 2.1 3.9 
a 2,3-dicynao-5,6-dichloro-p-benzoquinone  1 
b The protonated atom (PA) is the atom for which the MH• created by proton transfer has the 2 
lowest energy based on single point energy computations.  3 
c kPT’ are determined by the fitting procedure with FF, ka1, ka2, ka3 held as 0.29, 3.16×108 s−1 4 
(FG1=0.38), 4.78×107 s−1 (FG2=0.23), and 9.26×106 s−1 (FG3=0.10); FG is the fraction of  5 
the geminate recombination. 6 
d Details of calculating the ΔG0 and λ are in Section S15.  7 
e The Number of Atoms containing 80% of the negative charge of anion (see text). 8 
f Proton transfer to carbon #3 of the p-terphenyl gives the lowest single point energy, but 9 
proton transfer to N of the C≡N may give more favorable of kinetics due to a far smaller 10 
reorganization energy, 11 
g ”N.R.” means no proton transfer reaction is observed.  12 
h Estimated from the absorption bands of tetrachloro-p-benzoquinone semiquinone (see 13 
Figure S17). Spectral overlap allowed a determination that kPT’>2×109, but not greater.    14 
PT Energetics To examine the reasons for the large range of rates in Figure 3 we now seek to 15 
estimate the ΔG0 for the PT reactions. These estimates will rely on experimental energies, 16 
where available, but where they are not we will supplement them with computed energies. 17 
Computation will also estimate reorganization and activation energies. We separated reaction 18 
4a into four half-reactions shown below:  19 
M•– (liq) → M (liq) + e–(gas)   (Electron detachment)    (5), 20 
RH2+(liq) → RH(liq) + H+(gas)   (Solvated Proton Dissociation)  (6), 21 
e–(gas) + H+(gas) → H•(gas)   (Electron-Proton Recombination)  (7), 22 
 M (liq) + H•(gas) → MH•(liq)   (H Atom Addition)     (8). 23 
The ∆G0 for the PT reaction is the sum of ∆Gi0 (i=5-8). ∆G50 can be estimated from the 24 
reduction potentials, E0(M0/−), subtracting the Fermi level of the reference electrode in the 25 
liquid state; the E0(M0/−) of the molecules studied here are collected in Table S16.1. The 26 
standard free energy change of electron-proton recombination (∆G70) in gas phase is −13.61 27 
eV.45-46 Almost no energetic data is available for formation of MH• radicals. We computed 28 
∆G60 and ∆G80 based on the single point energy (SPE) by restricted open shell 29 
MP2/6-31G(d) with both the geometry and solvation energy computed by B3LYP/6-31G(d) 30 
with the PCM solvation model in THF. ∆G60 and ∆G80 are the computed electronic energies 31 
15 
and do not include the entropies of reactions 6 and 8. For the solvated proton stabilized by 1 
one THF, ∆G60 was computed to be 10.643 eV. This value agrees with the reported proton 2 
affinity of THF in the gas phase (8.52 eV)47 if the differential solvation energy, ∆Gs(RH2+) − 3 
∆Gs(RH) = −2.12 eV. If the solvated proton is stabilized by two THF’s to form H+(THF)2, 4 
∆G60 is computed to be 11.939 eV, which makes most of the PT reactions unfavorable (∆G0 5 
> 0) so PT would be predicted not to occur, in disagreement with experiment. The 6 
disagreement could arise because of errors in computing ∆G60 (see below), and from neglect 7 
of entropy changes. Errors in computing ∆G60 could be large, but would shift the energetics 8 
of all the PT reactions by a similar amount. Values of ∆G80 calculated by this method for the 9 
molecules studied here are in Table S16.1. During the computations of ∆G80, we tried to 10 
identify the site of protonation in searches for the lowest computed single point energy of 11 
MH• that predicted the PA given in Table 3. This criterion assumes that the most stable 12 
product is formed. The method used to compute ΔG80 was tested against the known pKa’s of 13 
benzophenone, acetophenone, and anthraquinone in water,48 leading to the conclusion that 14 
our computed values for ΔG80 in water are 0.9±0.2 eV too large. This 0.9 eV error may be 15 
due to the neglect of entropic energy of reaction 6, and uncertainty of the computed solvation 16 
energy. Full details of calculating ∆G0 are in section S16. While H+(THF)2 could be a more 17 
plausible reactant, we will use energetics for H+(THF)1, but consider that they may actually 18 
represent energetics for H+(THF)2 when corrected for errors in ∆G60.  19 
The estimated ΔG0 for the PT reaction in Table 3 is favorable, ΔG0=−0.061 eV for 20 
DDQ•− in agreement with the observed fast geminate decay, and is unfavorable, ΔG0=0.809 21 
eV for tetracyanoethylene (TCNE) in agreement with the absence of decay of TCNE•– as 22 
shown in Figure S18, which points to formation of stable (TCNE•–,RH2+) ion-pairs. DDQ is a 23 
stronger electron acceptor than TCNE, but PT to DDQ•– is favored because product adduct, 24 
DDQH•, is more stable.  25 
Reorganization Energy The proton transfer rate is also affected by structural changes 26 
measured by the reorganization energy (λ). Heeb and Peters49 estimated λ as the single point 27 
energy difference between two different geometries of the protonated molecule. One is the 28 
optimized geometry of the protonated molecule, and the other has all coordinates optimized 29 
for the anion except the added proton, which has the same internal coordinates as in the 30 
optimized geometry of the protonated molecule. Based on a review of several density 31 
functional methods for computations on PT reactions in the gas phase, we followed 32 
16 
Mangiatordi50 who recommended using the long-range corrected ωB97x/6-311++G(d,p) 1 
density functional with ω=0.3 Bohr−1. Raucci51 successfully computed the PT reaction in 2 
toluene with the CPCM solvation model.52-53 We followed Mangiatordi’s recommendation 3 
and used the CPCM model for THF to compute λ in Table 4. These are rough, but useful 4 
estimations. Values of λ for the carbon-protonated molecules were in the range 2.2-3.0 eV and 5 
are at least four times larger than those for nitrogen- and oxygen-protonated molecules 6 
(λ=0.22-0.534 eV). By analogy to the Marcus’ electron transfer theory, we designate ΔG0/λ 7 
from 0 to −1 as the normal region and ΔG0/λ < −1 as the inverted region. Figure 7, plots of kPT’ 8 
vs. ΔG0/λ for the molecules studied here. According to these estimates PT to C atoms are all in 9 
the normal region, and most PT to O and N atoms are in the inverted region.  10 
 11 
Figure 7. Plots of measured proton transfer rate (kPT’) vs. ∆G0/λ for the (a) carbon 12 
protonated, and (b) nitrogen and oxygen protonated molecules. Here ∆G0 is the standard free 13 
energy change, and λ is the reorganization energy. The symbol legends are given in Table 3. 14 
In Figure 7b, kPT’ are lower limits, as will be discussed below.  15 
Transition State and Activation Energy. We searched for the PT transition state (TS) for 16 
selected C, O, and N protonated molecules including F1, F2, MePy, acetophenone, DDQ, and 17 
CNTP. The number of molecules selected was small because the scans were computationally 18 
intensive. The long-range ωB97x (ω=0.3 Bohr−1) and CPCM solvation model52-53 for THF 19 
were used to search for the reactant and transition states with a 3-21+G basis set by scanning 20 
the distance from the proton to the protonated atom. Figure 8 shows examples of a potential 21 
surface scan for the C protonated molecule F2, and the O protonated molecule acetophenone. 22 
17 
At the geometry of the maximum the activation energy (Ea) was computed as a single point 1 
with the 6-311++G(d,p) basis set. In the reactant and transition states, the solvated proton is 2 
stabilized by two THF molecules. Table 4 reports the results of scans performed on six 3 
molecules. Computed values of Ea for proton transfer to C atoms are much larger than Ea to O 4 
atoms; Ea to N of nitrile is only slightly lower than Ea to C atoms. In the transition states, the 5 
proton to C atom distance is longer than the proton to O and N atoms distances. 6 
 7 
Figure 8. Activation energy (Ea) from the potential energy surface scan of (a) F2 and (b) 8 
acetophenone scanned by long-range corrected ωB97x/3-21+G (ω=0.3 Bohr−1) with the 9 
CPCM solvation model for THF. The scan distance is the distance from the solvated proton 10 
to the protonated atom, i.e., C-H distance for F2 and C-O distance for acetophenone 11 
Table 4. Distance from the Proton to the Protonated Atom (PA) in the computed transition 12 
state, the computed activation energies (Ea) 13 
Name a(PA) Distance (Å) Ea (meV) 
F1 (C) 2.1 244 
F2 (C) 2.1 426 
1-methylpyrene (C) 2.1 310 
acetophenone (O) 1.9 80 
18 
aDDQ (O) 1.8 70 
bCNTP (N) 1.9 206 
aProtonated Atom (see text). 1 
b2,3-dichloro-5,6-dicyano-p-benzoquinone 2 
c4-cyano-4’-n-pentyl-p-terphenyl 3 
Charge Density. In an ion pair, the two ions are bound together by Coulombic attraction. This 4 
attraction is weaker for delocalized anions like the oligofluorenes, which can enhance the 5 
probability of escape to form free ions. To provide a rough measure of delocalization we 6 
calculated the number of the atoms (NA) that contain 80% of the negative charge using 7 
Mulliken54 charges with hydrogens summed into heavy atoms. The NA of anions is 8 
n#tot×0.8/Ctot, where n#tot is total number for atoms that have Ctot of negative charge. In F1•−, 9 
86% of the negative charge is evenly distributed in the two six-membered rings, which give 10 
n#tot=12 and Ctot=0.86, so NA of F1•− is 11.2. The NA’s of other anions are reported in Table 11 
3. 12 
Some anions such as CNTP•− have an uneven charge distribution, which may affect 13 
which atom is protonated. The NA of CNTP•− is 2.2 because 72% of the negative charge 14 
resides on the C≡N (n#tot=2). This strongly attracts the proton to the C≡N. In addition 15 
comparing with protonation of C atoms, the electronic lone pair of N atom makes the 16 
protonation of N atom easier. Therefore, PT to an N atom might be faster than PT to C atom 17 
even if protonation of a C atom is more thermodynamically favorable. For these two 18 
protonation scenarios, both values of ΔG0 for CNTP are reported in Table 3. 19 
Discussion 20 
The results section reports rate constants for proton transfer in (M•−,RH2+) ion pairs. It 21 
concludes that they can vary over a wide range from less than 0.2 ns and up to tens of ns. 22 
Except for a few cases no escape occurred from the intimate pairs and proton transfer to O or 23 
N atoms occurs much more rapidly than to C atoms. We begin the discussion by describing a 24 
kinetic scheme used to extract rates and yields from the data in Figures 4 and 5. Correlations 25 
between the rates, kPT’, and the free ion yield, and energies of the PT reaction are also 26 
examined by the theoretical free ion yield proposed by many groups such as Hong and 27 
Noolandi,3 and PT theories such as those of Bourgis and Hynes,55-56 and note the lack of an 28 
inverted region. 29 
19 
Kinetics of the Geminate Recombination and PT Reaction. Scheme 1 expands reaction 4a for 1 
geminate recombination. It includes diffusion together of M•− and RH2+ driven by their 2 
mutual Coulomb attraction to form intimate ion pairs, solvent-separated ion pairs (SSIPs) and 3 
contact ion pairs (CIPs).57-64 We assume that this recombination first forms the longer 4 
distance SSIPs, because the ions start far apart, and then instantly reaches the equilibria 5 
between SSIPs and CIPs. Recombination occurs over a wide time range having a time 6 
dependence described here by a sum of three exponentials, ka1, ka2 and ka3. After forming 7 
SSIPs ions may escape or may form CIPs; proton transfer occurs within the CIPs. 8 
Scheme 1. Kinetics of Geminate Ion Recombination in THF. The annihilation of radical 9 
anions (M•−) is due to the PT reaction. The CIP and SSIP are contact and solvent separated 10 
ion pairs. kPT’ and kesc’ are the effective measured PT and escape rate constants. The FF1 and 11 
FF2 are the fractions of Type I and Type II free ions. 12 
 13 
A fitting procedure to extract the reaction rates was developed based on scheme 1. Van den 14 
Ende23 found that geminate ion recombination in CCl4 driven by Coulomb attraction can be 15 
described by an empirical function, 16 
W(τ)=1+τ−0.6 and τ=Dt/rc2    (9), 17 
for τ>0.05. Here, W is the surviving fraction, and D is the sum of the diffusion coefficients of 18 
the recombining partners, M•− and RH2+ in the present case. This t−0.6 is slightly different 19 
from prediction of the diffusion model (t−0.5).4, 24-26 This empirical function to describe the 20 
geminate decay can be conveniently approximated by a three-exponential function, which is 21 
demonstrated in Figure S19. The value of the exponential decays is mathematical: they can 22 
be included in the differential equations for Scheme 1 to obtain an analytic solution, which 23 
was then used in a least-squares fitting procedure enabling us to obtain kPT’ from the data. 24 
The physical meaning of these three exponentials is only that there is a distribution of initial 25 
20 
ion-pair distances which results in a distribution of decay times: geminate pairs starting at 1 
shorter distances recombine more quickly. We do not know of methods to directly learn the 2 
initial distribution of ion pair distances, but if a distance distribution is guessed, then methods 3 
of Hong and Noolandi3-4 or Tachiya6, 65 can compute a distribution of decay times that can be 4 
compared with observation. This procedure does not readily yield definite conclusions and 5 
we did not attempt it. We also use a single exponential function for expressing the 6 
homogenous decay. Data for BPhO is compared with eq 9 in Figure S20. From kinetic traces 7 
in Figure 5, we used a four-exponential function to determine that the fraction of free ions, 8 
taken as the fraction decaying by the slow exponential, yielding FF=0.29±0.02.  9 
 Figure 9 illustrates the use of the fitting procedure, displaying three decay curves from 10 
Figure 4 along with fits to each. With relatively slow proton transfer for MePy and F2, the 11 
observed decay curves do not depend on the rates at which the ions diffuse together. For 12 
those two cases two exponentials would be sufficient to fit the data although the actual fit 13 
function, described above, is more complex. 14 
 15 
Figure 9 Fits of the three decay traces according to Scheme 1. For all three the anion and 16 
RH2+ diffuse together with the same three geminate rate constants, but once intimate ion pairs 17 
are formed they have different proton transfer rates. Table 3 reports all the rates.  18 
Proton transfer from RH2+ to M•− will occur in the CIP with a rate kPT. The fitting procedure 19 
also describes decays of free ions, which includes contributions from recombination with 20 
21 
RH2+, reactions with radicals, R•, and impurities. With the assumption that transformation 1 
between these two types of ion pairs is much faster than the other reactions, 𝑘𝑘esc’ =2 
𝑘𝑘esc/(1 + Keq) and 𝑘𝑘PT’ = 𝑘𝑘PT/(1 + Keq−1). In radical ion pairs of aromatic molecules in 3 
1,2-dichloroethane Arnold measured Keq to be close to 1.0 and the forward and back rate 4 
constants to occur in ~1 ns.66 5 
MH• Radical Formation. The mechanism used here expects formation of MH• radicals. 6 
Observation of their formation is desirable, but is usually not possible because they typically 7 
absorb in the UV, where the typically ~50 mM concentration of neutral molecules, M, 8 
absorbs all the probe light. Although their spectra were substantially overlapped by the 9 
anions, they could be observed in oligofluorenes and benzophenone (Figure 3). Figure S17 10 
shows growth of MH• radicals of Cl4BQ, which have a band near 700 nm. While this band is 11 
weak, the anion and neutral absorb negligibly there so the growth of the radical can be seen 12 
clearly.  13 
Kinetic Analysis. For each ion pair, the fitting procedure extracts kPT’ and kesc’ from data over 14 
time periods from 2 ns to 1 μs with a four-exponential fit, three for geminate ions, ka1 = τ1−1, 15 
ka2 = τ2−1, ka3 = τ3−1, and one for homogeneous ions. The relation between kPT’, kesc’, and FF2 16 
is: 17 
      FF2 = 𝑘𝑘esc’𝑘𝑘esc’+𝑘𝑘PT’ (1 − FF1 )       (10a). 18 
The fitting procedure determines kesc’ from data using the yields of long-lived, free ions: 19 
   𝑘𝑘esc’ = 𝑘𝑘PT’ FF21−FF         (10b). 20 
Here FF=FF1+FF2, and FF2 for each anion is estimated by eq 10a. This, together with the 21 
similarity of diffusion coefficients for radical anions43 of many aromatic molecules leads to 22 
the conclusion that the mutual diffusion coefficients of the various (RH2+,M•−) ion pairs are 23 
similar. For the seven fast-decaying ions, BPhO, CNTP, DDQ, 2-ethyl-9,10-anthraquinone, 24 
p-dinitrobenzene, acetophenone, and 4-nitro-p-terphenyl in Figure S21, the geminate decays 25 
are nearly identical. It is unlikely the seven fastest would have identical proton transfer rate 26 
constants, so the only reasonable explanation is that proton transfer for all of these is much 27 
faster than the rates at which they diffuse together (ka1, ka2, and ka3): they are 28 
diffusion-controlled. We determined ka1, ka2, and ka3, assuming infinitely fast proton transfer 29 
and found that we could distinguish PT rates, kPT’, only if they were <5×109 s-1. We fixed ka1, 30 
ka2, and ka3, when analyzing data for other molecules to determine the kPT’ and kesc’ for those 31 
22 
molecules. Based on evidence cited above that FF1 is constant, we held it fixed during fitting. 1 
The kPT’ of anions are given in Table 3, and FF2 and kesc’ for anions in Figure 4 are given in 2 
Table 5.  3 
In the ion pair, kPT’ and kesc’ are affected by the charge density that will be discussed 4 
later. The charge densities of the selected complexes in Table 5 are estimated in terms of the 5 
number of the atoms over which the charge spreads (NA). 6 
Table 5. The number of atoms over which the charge is spread (NA), the fractions of ions 7 
that are free ions (FF) and Type II free ions (FF2), the escape rate constants (kesc’) and escape 8 
probabilities (Pesc), determined from the escape yields, for anions recombining with solvated 9 
protons in THF. 10 
Name d(NA) aFF aFF2 kesc’ (s−1) cPesc 
F1    (11.1) 0.29 ≤0.02 ≤5.86×106 <2.7% 
F2   (21.5) a0.35 b0.06 2.83(±0.40)×106 13.1% 
F3   (32.0) a0.38 b0.09 2.92(±0.42)×106 18.6% 
F4    (42.4) a0.43 b0.14 3.67(±0.19)×106 25.5% 
dibenzofuran (6.0) 0.29 ≤0.02 ≤2.66×106 <2.7% 
fluoranthene (6.9) b0.29 b≤0.02 b≤5.01×105 <2.7% 
1-methylpyrene (9.7) 0.29 ≤0.02 ≤8.15(±3.08)×105 <2.7% 
p-terphenyl (11.2) 0.29 ≤0.02 ≤7.13×105 <2.7% 
o-terphenyl (11.6) 0.29 ≤0.02 ≤1.43×106 <2.7% 
benzophenone (1.9) 0.29 ≤0.02 ≤1.35×108 <2.7% 
aFF=FF1+FF2. Here FF1=0.29±0.02 from the data of benzophenone.  11 
bObtained from the kinetic trace with correction for the triplet-triplet absorbance by the fitting 12 
procedure.  13 
cPesc = kesc’/(kesc’ + kPT’). Here kesc’ and kPT’ are the measured escape and proton transfer rate 14 
constants. 15 
d Charge density represented in terms of Number of Atoms (see text). 16 
For all anions protonated on O or N atoms proton transfer is diffusion-controlled (kPT’ > 17 
5×109 s−1) except for two. This finding also means that formation of contact ion pairs is faster 18 
than 5×109 s−1. While this is faster than Arnold66-67 found for aromatic ion pairs, the 19 
difference is plausible because RH2+ may form CIPs with on O or N-containing anions very 20 
rapidly. Two exceptions are TCNE•−, which does not react because PT is endoergic and 21 
23 
tetrachloro-p-benzoquinone (Cl4BQ) which may react as slowly as 2×109 s−1. The Cl4BQ rate 1 
is uncertain because the spectra of the hydrogen adduct (Cl4BQH•) and the radical anions 2 
(Cl4BQ•−) are both broad and strongly overlap each other. Additional uncertainty arises 3 
because radical anions of the p-benzoquinone (BQ) derivatives are known68 to form dimers 4 
(BQ)2•− and it has not been possible to rule out dimer formation in the broad spectra. These 5 
factors are present to a smaller extent for 2,3-dicyano-p-benzoquinone but the spectra 6 
permitted determination that kPT’>5×109 s−1. Both of these sources of uncertainty are greatly 7 
reduced in the other molecules used in the present study.  8 
Escape Rate Constants Escape from (RH2+,Fn•−) ion pairs in THF (ε=7.47) are reported in 9 
Table 5. Escape rate constants have been reported in polar solvents like acetonitrile69 and in 10 
moderately –polar 3-pentanone29 (ε=17.1) and dichloroethane29, 66(ε=9.02).29 For most 11 
molecules studied here the fitting procedure can only estimate an upper limit for the escape 12 
rate kesc’ to form free ions from ion pairs, (M•−,RH2+). A check of this estimate compares it to 13 
kesc’ calculated by kesc’ = kaKdiss for pairs with Na+. Here ka and Kdiss are the association rate 14 
and the dissociation equilibrium constant. In THF existing experimental data can estimate 15 
kesc’ for the (Na+,Pyrene•−) ion pair and compare it to the upper limit of kesc’ determined here 16 
for (RH2+,MePy•−) ion pair. Calculations of kesc’ of pyrene•− (Py•−) are based on the known 17 
Kdiss for (Na+,Py•−) ion pairs,70 and ka for association of Na+ and BPhO•− to form ion pairs.71 18 
We assume that ka of these two association reactions, which are probably 19 
diffusion-controlled, are similar. The estimated kesc’ for Py•− and MePy•− are given in Table 6. 20 
The kesc’ of (Na+,Py•−) ion pair is 25% larger than the upper limit for kesc’ of (RH2+,MePy•−) 21 
ion pair. Because kesc’ is observable for F2, a molecule just slightly larger than MePy, it may 22 
be that the actual kesc’ of (RH2+,MePy•−) ion pair is just slightly below the observed limit. 23 
Escape was observed only for oligofluorenes, with rate constants ~3×106 s−1, which are close 24 
to the ~5×106 s−1 escape rate in dichloromethane estimated by Zhou.25 These rates are smaller 25 
by a factor of  ~100  compared to the ~4×108 s−1 escape rate constants Arnold66 found for 26 
pairs of TCNB (tetracyanobenzene) with alkylbenzenes in 1,2-dichloroethane (DCE). 27 
Arnold’s larger escape rate constants may reflect the larger dielectric constant of DCE 28 
(10.74) vs. that of THF (7.47),72 or the larger sizes of their ions. Still larger escape rates are 29 
reported in highly-polar acetonitrile.26, 73 The observed enhancement of escape of ion pairs to 30 
form free ions could be an important principle in organic solar cells.74-75 31 
24 
Table 6. kesc’ of (Na+,Py•−) and (RH2+,MePy•−) ion pairs. 1 
Ion Pair bkesc’ (s-1) How to estimate 
(Na+,Py•–) 1.01×106 akesc’ = kaKdiss 
(RH2+,MePy•–) c≤8.15(±3.08)×105 bFrom Data 
aIn THF at 298 K, Kdiss of (Na+,Py•−) ion pairs76 is 6.75×10−6 M, and ka of (Na+,BPhO•−) ion 2 
pairs71 is 1.5×1011 M−1s−1.  3 
bThe measured escape rate kesc’ = kesc/(1+Keq).  4 
cDetermined by the fitting procedure from data.  5 
The actual escape rates may, in many cases, be well below the limits we have been able to set 6 
from the present measurements (Table 5), especially when kPT’ is large and FF2 is small. For 7 
the example of (BPhO•−,RH2+) ion pair, the upper limit kesc’ (<1.35×108 s−1) given in Table 5 8 
is greater than that of MePy•−. It seems reasonable to suspect that kesc’ for BPhO•− is well 9 
below that limit determined from the present measurements.  10 
 11 
Figure 10. A plot of kPT’ vs. the Number of Atoms (NA) over which the negative charge is 12 
distributed for the C protonated molecules. The plot shows that high charge density (small 13 
NA) promotes proton transfer to of radical anions. The symbols are given in Table 3. The 14 
fluorene oligomers, F1-F4, are highlighted. 15 
25 
Effect of Low Charge Density. Figure 10 plots kPT’ vs. NA. The fluorene oligomers, 1 
Fn•−(n=1-4), show a clear trend. kPT’ for F1 is ten times faster than kPT’ for F2, but the effect 2 
diminishes for longer oligomers. This decrease might also be due to the effect driving force. 3 
Application of classical Marcus theory with λ=2.4 eV, an average for these molecules, and 4 
values of ΔG0 estimated in Table 3 predicts kPT’(F1) to be 14 times larger than kPT’(F2). Thus 5 
while delocalization may control PT rates,33-36 and the results in Figure 10 suggests an effect 6 
of delocalization, they do not prove it. More clearly established is that delocalization does 7 
alter escape yields after formation of intimate ion pairs. Both F2•− and MePy•− contain four 8 
benzoid rings and both have kPT’ near 1.7×107 s−1 (Table 3), but the escape rate (kesc’) is at 9 
least 2.5 times faster for F2•−. Here we seek a qualitative understanding of this exceptional 10 
escape and its connection to low charge densities in these anions, which weakens the 11 
Coulomb interaction with solvated protons. For Fn•–(n=2-4), the kPT’ are not very different 12 
from those in other molecules in which the charge is delocalized over four or more rings. The 13 
enhanced escape for F2•− can be understood in terms of the greater spatial extent of the 14 
delocalized electron as illustrated qualitatively by the comparison to pyrene in Figure 11. 15 
Charge in the two outer rings of F2 is farther from a proton near the center of the anion so the 16 
(F2•−,RH2+) ion pair is bound more weakly by the Coulomb attraction than is (Py•−, RH2+). 17 
Delocalization also increases the possible number of the protonation sites, which might 18 
increase the proton transfer rate. We could normalize by NA to estimate kPT’/site. For F4 19 
kPT’/site would be less than half of that for F2.  20 
 21 
Figure 11. Comparison of the spatial extents of F2 (behind, dark blue) and pyrene 22 
(foreground, light blue). 23 
Hong and Noolandi3 concluded that probability of ions to escape from intimate ion pairs was 24 
reciprocal to the recombination rate constant, and proportional to the effective radius of the 25 
pair. For the irregularly shaped molecules studied here clear definitions of effective radii are 26 
26 
not obvious, but note from Table 5 that escape rates, kesc’, for Fn•−(n=2-4) increase with 1 
decreasing charge density.  2 
Table 3 and Figure 10 indicate that for proton transfer to C atoms more localized anions 3 
(small NA) have faster proton transfer rates. Delocalization (large NA) produces slower 4 
proton transfer, which seems to level off after F2, along with the larger increases in escape 5 
rates. Because proton transfer to N and O atoms is fast, there is no measureable escape.  6 
Proton Transfer Model. Theories such as those of Brogis and Hynes55-56 describe PT between 7 
the proton donor and acceptor within a weakly bound complex (WBC) under the influence of 8 
solvent molecules. In this theory kPT depends on ∆G0, λ, and a protonic coupling. Because the 9 
only proton donor in the current study is the RH2+, the differences of these three factors are 10 
due to the anion.  11 
Figure 7 shows that in general protonation at C atoms is not diffusion-limited, while those of 12 
N and O atoms are diffusion-limited. For protonation at C atoms there is some correlation 13 
between kPT’ and ΔG0/λ. The fastest protonation at C atoms is at least a decade slower than  14 
pronation of N and O atoms. These results are consistent with Wirz’s report77 that in water 15 
PT to C atoms is much slower than PT to O atoms, which is also diffusion-limited. Noting the 16 
rough trend seen in Figure 7a, we suggest that in addition to charge densities, both, the ∆G0 17 
and λ impact the rates. Table 3 shows that anions of the N and O protonated molecules have 18 
high charge densities that may result in reducing the Ea of PT to N and O atoms; Table 4 19 
indicates that the Ea of the N and O protonated molecules are generally small. Figure 7a 20 
shows that because of large reorganization energies (2.25-2.99 eV), the C protonated 21 
molecules all fall in the normal region. Figure 7a yields a rough correlation of kPT’ with 22 
∆G0/λ as seen in Figure S22. Figure 7b sows no effects of ∆G0 on rates to the O and N 23 
protonated molecules because of the fast kPT’, small reorganization energies (<0.6 eV), and 24 
low energy barriers.  25 
The present results do not find evidence for an inverted region in the anion-proton pairs 26 
investigated here. An inverted region could start when -ΔG0 > λ. Based on estimates of ΔG0 27 
and λ in Table 3, the inverted region for the C protonated molecules would lie at ΔG0 < −2.2 28 
eV, so none of our reactions are sufficiently exoergic. For the O protonated molecules 29 
inverted behavior might be found for ΔG0 < −0.2 eV, but no slowing of rate could be 30 
observed. This might be simply due to our time resolution, dictated by the time it takes for 31 
27 
ion pairs to diffuse together, or because high charge densities in anions of molecules 1 
protonated on oxygen. The possibility of observing inverted region behavior for the PT 2 
reaction is still under debate. Andrieux78, and Heeb and Peters49, 79-80 observed inverted 3 
region behavior for vibronically nonadiabatic PT81 to C, and O atoms when ΔG0 < −0.75 eV. 4 
Edward and coworkers82 questioned this interpretation on a theoretical basis, noting that a 5 
possible explanation for apparent inverted behavior of the PT reactions is that the ΔG0 6 
affected another property of the system such as the donor-acceptor distance, or proton 7 
vibrational frequencies.82 By the DFT computations, Peters49 examined this explanation, and 8 
concluded that these effects on the PT rate were negligible.  9 
VI. Summary and Conclusions 10 
Geminate ion recombination after pulse radiolysis in THF brings radical anions and 11 
solvated protons together to form intimate ion pairs with kinetics that follow (Dt/rc)−0.6 law 12 
described by Ven de Ende and coworkers23 at long times. The expected substantial departures 13 
at short times were measured here. Over the time range 2 ns – 1 µs these kinetics can be 14 
described by three-exponentials, 3.0±0.2 ns (38±2%), 21±2 ns (23±2% ), 107±7 ns (10±2%) 15 
while 29±2% are free ions. Gmax and Gfi and are 251.2(±22.7) and 71.6(±6.2) nmol/J. The 16 
fast components of the geminate recombination bring the anions and solvated protons 17 
together sufficiently rapidly to observe proton transfer rate constant as large 5×109 s−1; faster 18 
proton transfer can not be resolved.  19 
A wide variety of kPT’ in the ion pairs provides opportunities to examine theory of 20 
PT,55-56, 83-90 which discuss kPT’ in terms of the ∆G0, λ, and protonic coupling. Proton transfer 21 
within these pairs was almost always too fast to measure (>5×109 s−1) when proton transfer 22 
occurs to an O or N atom. On the other hand PT to C atoms can be as slow as 100 ns, 23 
although the free energy changes of these PT reactions are -1 to -2 eV. The highly-exoergic 24 
but slow PT to C atoms is due to large structural changes in the product radicals formed. 25 
Reorganization energies are large for PT to C atoms and small for PT to O and N atoms, 26 
which accommodate the protons on lone-pairs with only small structural changes. This 27 
behavior can be predicted by computing potential energy surfaces or by rough calculations of 28 
reorganization energies.  29 
In most cases anions escape to become free ions only from their initial distance 30 
distributions, but in a few cases they also escape even after recombining with protons to form 31 
28 
intimate ion pairs. Low charge density in delocalized anions is essential for a substantial yield 1 
of these “Type II” free ions formed by escape from intimate pairs. Escape was observed only 2 
for oligofluorenes, with rate constants ~3×106 s−1. The observed enhancement of escape of 3 
ion pairs to form free ions could be important an important principle in organic solar 4 
cells.74-75 5 
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